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Spontaneous mirror left-right symmetry breaking for leptogenesis parametrized by
Majorana neutrino mass matrix
Pei-Hong Gu∗
Department of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China
We introduce a mirror copy of the ordinary fermions and Higgs scalars for embedding the
SU(2)L ×U(1)Y electroweak gauge symmetry into an SU(2)L ×SU(2)R ×U(1)B−L left-right gauge
symmetry. We then show the spontaneous left-right symmetry breaking can automatically break
the parity symmetry motivated by solving the strong CP problem. Through the SU(2)R gauge
interactions, a mirror Majorana neutrino can decay into a mirror charged lepton and two mirror
quarks. Consequently we can obtain a lepton asymmetry stored in the mirror charged leptons. The
Yukawa couplings of the mirror and ordinary charged fermions to a dark matter scalar then can
transfer the mirror lepton asymmetry to an ordinary lepton asymmetry which provides a solution to
the cosmic baryon asymmetry in association with the SU(2)L sphaleron processes. In this scenario,
the baryon asymmetry can be well described by the neutrino mass matrix up to an overall factor.
PACS numbers: 98.80.Cq, 14.60.Pq, 12.60.Cn, 12.60.Fr, 95.35.+d
I. INTRODUCTION
The precise measurements on atmospheric, solar, ac-
celerator and reactor neutrinos have established the phe-
nomena of neutrino oscillations. This discovery im-
plies three flavors of neutrinos should be massive and
mixed [1]. However, the neutrinos are massless in the
SU(3)c × SU(2)L × U(1)Y standard model (SM). Fur-
thermore, in the SM context we cannot explain the cos-
mic matter-antimatter asymmetry which is as same as
a baryon asymmetry [1]. Currently a seesaw [2–4] ex-
tension of the SM has become very attractive since it
can simultaneously produce the small neutrino masses
and the cosmic baryon asymmetry [5–16]. The usual see-
saw models contain some heavy ingredients with lepton-
number-violating interactions. The neutrinos then can
obtain a Majorana mass term which is highly suppressed
by a small ratio of the electroweak scale over the heavy
masses of the new fields. Meanwhile, these heavy fields
can decay to generate a lepton asymmetry through their
CP-violating Yukawa and/or scalar interactions. Sub-
sequently, this lepton asymmetry can be partially con-
verted to a baryon asymmetry through the sphaleron
processes [17]. This baryogensis scenario in the seesaw
models is the so-called leptogenesis mechanism. In such
leptogenesis scenario, we do not know much about the
texture of the masses and couplings involving the newly
heavy fields. Consequently, we cannot get an exact re-
lation between the cosmic baryon asymmetry and the
neutrino mass matrix. For example, we can expect a
successful leptogenesis in some seesaw models even if the
neutrino mass matrix does not contain any CP phases
[18, 19].
The seesaw models can naturally originate from more
fundamental theories beyond the SM, such as the
∗Electronic address: peihong.gu@sjtu.edu.cn
SU(3)c × SU(2)L × SU(2)R × U(1)B−L [20] left-right
symmetric theory. In the most popular left-right sym-
metric models, the SM left-handed fermions are placed
in the SU(2)L doublets as they are in the SM while the
SM right-handed fermions plus three right-handed neu-
trinos are placed in the SU(2)R doublets. After the left-
right symmetry is spontaneously broken down to the elec-
troweak symmetry, we can obtain the lepton number vi-
olation for the seesaw and leptogenesis mechanisms. For
example, the right-handed neutrinos can acquire a heavy
Majorana mass term to violate the lepton number by two
units. Alternatively, the left-right symmetric framework
can offer a universal seesaw scenario [21–24], where some
additional [SU(2)]-singlet fermions with heavy masses
are introduced to construct the Yukawa couplings with
the [SU(2)]-doublet fermions and Higgs. By integrating
out these heavy fermion singlets, the SM fermions in-
cluding the left-handed neutrinos can obtain the desired
masses. In the universal seesaw models, the strong CP
problem even can be solved without an unobserved axion
if a discrete parity symmetry is imposed [22, 23, 25, 26].
The SU(3)c × SU(2)L × SU(2)R × U(1)B−L left-right
symmetry can be realized in another way [23, 27–30]
where the SM left-handed fermions are the SU(2)L dou-
blets, the SM right-handed fermions are the SU(2) sin-
glets, meanwhile, the ordinary SM fermions have a mir-
ror copy gauged by the SU(3)c × SU(2)R × U(1)B−L
group. The ordinary and mirror fermions can have no
mixing because of certain unbroken discrete symmetry
[27, 29]. Instead, the mirror fermions can decay into the
ordinary fermions with a dark matter scalar [27, 29]. In
such type of mirror left-right symmetric models, the mir-
ror Majorana or Dirac neutrino decays induced by the
SU(2)R gauge interactions can generate a lepton asym-
metry stored in some flavors of mirror charged leptons.
All or part of this mirror lepton asymmetry then can be
transferred to an ordinary lepton asymmetry for a suc-
cessful leptogenesis. In the early works [27, 29], a softly
broken parity symmetry is imposed so that the Yukawa
couplings for the mirror fermion mass generation can be
2identified with those for the ordinary fermion mass gener-
ation. In consequence, the cosmic baryon asymmetry can
have a distinct dependence on the neutrino mass matrix.
In this paper, we shall show in the mirror left-right
symmetric framework, the spontaneous left-right sym-
metry breaking can automatically break the parity sym-
metry motivated by solving the strong CP problem. Un-
der this parity, not only the dimensionless Yukawa cou-
plings but also the Majorana masses of the gauge-singlet
fermions are identified in the ordinary and mirror sectors.
The gauge-singlet fermions can accommodate the type-I
seesaw for generating the Majorana masses of the ordi-
nary left-handed neutrinos and the mirror right-handed
neutrinos. Every type of mirror fermions thus can have
a mass matrix proportional to that of their ordinary
partners. Through the mirror Majorana neutrino de-
cays mediated by the SU(2)R gauge interactions, we can
parametrize the cosmic baryon asymmetry by the neu-
trino mass matrix up to an overall factor.
II. THE MODEL
Besides the SU(3)c, SU(2)L, SU(2)R and U(1)B−L
gauge fields, i.e. G1,...,8µ , W
1,2,3
Lµ , W
1,2,3
Rµ and Bµ, the
model contains the fermions and scalars as below,
qL(3, 2, 1,+
1
3
)(−1)(−,+) P←→ q′R(3, 1, 2,+ 13 )(−1)(+,−) ,
dR(3, 1, 1,− 23 )(+1)(−,+)
P←→ d′L(3, 1, 1,− 23 )(+1)(+,−) ,
uR(3, 1, 1,+
4
3
)(+1)(−,+) P←→ u′L(3, 1, 1,+ 43 )(+1)(+,−) ,
lL(1, 2, 1,−1)(−1)(−,+) P←→ l′R(1, 1, 2,−)(−1)(+,−) ,
eR(1, 1, 1,−2)(+1)(−,+) P←→ e′L(1, 1, 1,−2)(+1)(+,−) ,
NR(1, 1, 1, 0)(+1)(−,+) P←→ N ′L(1, 1, 1, 0)(+1)(+,−) ,
φ1(1, 2, 1,+1)(−2)(+,+) P←→ φ′1(1, 1, 2,+1)(−2)(+,+) ,
φ2(1, 2, 1,+1)(+2)(+,+)
P←→ φ′2(1, 1, 2,+1)(+2)(+,+) ,
χ(1, 1, 1, 0)(0)(−,−) P←→ χ(1, 1, 1, 0)(0)(−,−) .
(1)
Here the first, second and third brackets following the
fields describe the transformations under the SU(3)c ×
SU(2)L × SU(2)R × U(1)B−L gauge groups, a U(1)G
global symmetry and a Z2 × Z2 discrete symmetry,
respectively. The SU(2)L × SU(2)R × U(1)B−L left-
right symmetry will be spontaneously broken down to
the SU(2)L × U(1)Y electroweak symmetry and then
the U(1)em electromagnetic symmetry, the U(1)G global
symmetry will be assumed softly broken, while the Z2 ×
Z2 symmetry will be required conserved at any scales.
The full Lagrangian includes the kinetic terms, the
scalar potential and the Yukawa couplings as usual. Fur-
thermore, the gauge-singlet fermions NR and N
′
L are al-
lowed to have the Majorana masses. For simplicity, we
will not show the kinetic terms where the SU(2)R gauge
coupling gR is identified with the SU(2)L gauge coupling
gL, i.e. gR = gL = g due to the parity symmetry. We
now write down the scalar potential, the Yukawa cou-
plings and the Majorana masses. Specifically, the scalar
potential is
V = µ21
(
φ†1φ1 + φ
′†
1 φ
′
1
)
+ µ22
(
φ†2φ2 + φ
′†
2 φ
′
2
)
+µ212
[(
φ†1φ2 + φ
′†
1 φ
′
2
)
+H.c.
]
+ λ1
[(
φ†1φ1
)2
+
(
φ′†1 φ
′
1
)2]
+ λ2
[(
φ†2φ2
)2
+
(
φ′†2 φ
′
2
)2]
+2λ3
(
φ†1φ1φ
†
2φ2 + φ
′†
1 φ
′
1φ
′†
2 φ
′
2
)
+ 2λ4
(
φ†1φ2φ
†
2φ1
+φ′†1 φ
′
2φ
′†
2 φ
′
1
)
+ 2κ1φ
†
1φ1φ
′†
1 φ
′
1 + 2κ2φ
†
2φ2φ
′†
2 φ
′
2
+2κ3
(
φ†1φ1φ
′†
2 φ
′
2 + φ
′†
1 φ
′
1φ
†
2φ2
)
+
1
2
µ2χχ
2
+
1
4
λχχ
4 + ξ1
(
φ†1φ1 + φ
′†
1 φ
′
1
)
χ2 + ξ2
(
φ†2φ2
+φ′†2 φ
′
2
)
χ2 , (2)
where the parity symmetry and the Z2 × Z2 symmetry
are exactly conserved while the U(1)G global symmetry
is softly broken by the µ212-term. The Yukawa couplings
and Majorana masses also respect the parity symmetry
and the Z2 × Z2 symmetry, i.e.
LY+M = −y¯d (q¯Lφ1dR + q¯′Rφ′1d′L)− fdχd¯Rd′L
−y¯u
(
q¯Lφ˜2uR + q¯
′
Rφ˜
′
2u
′
L
)
− fuχu¯Ru′L
−y¯e
(
l¯Lφ1eR + l¯
′
Rφ
′
1e
′
L
)− feχe¯Re′L
−y¯ν
(
l¯Lφ˜2NR + l¯
′
Rφ˜
′
2N
′
L
)
− fNχN¯RN ′L
−1
2
MN
(
N¯ cRNR + N¯
′c
LN
′
L
)
+H.c. . (3)
Here the Majorana masses MN = M
T
N also break the
U(1)G global symmetry.
III. SPONTANEOUS SYMMETRY BREAKING
We expect the SU(2)L×SU(2)R×U(1)B−L left-right
symmetry will be spontaneously broken down to the
SU(2)L × U(1)Y electroweak symmetry. Subsequently,
the SU(2)L×U(1)Y electroweak symmetry will be spon-
taneously broken down to the U(1)em electromagnetic
3symmetry. For demonstration, we denote the VEVs by
〈φ1,2〉 =
1√
2
v1,2 , v =
√
v21 + v
2
2 ≃ 246GeV ;
〈φ′1,2〉 =
1√
2
v′1,2 , v
′ =
√
v′21 + v
′2
2 . (4)
Furthermore, we assume the Z2 × Z2 discrete symmetry
will not be broken at any scales. This can be achieved
by
m2χ = µ
2
χ + ξ1(v
2
1 + v
′2
1 ) + ξ2(v
2
2 + v
′2
2 ) > 0 , λχ > 0 . (5)
We now derive the VEVs v1,2 and v
′
1,2. From the ex-
treme conditions,
∂V
∂v1
=
∂V
∂v2
=
∂V
∂v′1
=
∂V
∂v′2
= 0 , (6)
we can read
[
µ21 + λ1v
2
1 + (λ3 + λ4)v
2
2 + κ1v
′2
1 + κ3v
′2
2
]
v1 + µ
2
12v2
= 0 ,[
µ22 + λ2v
2
2 + (λ3 + λ4)v
2
1 + κ2v
′2
2 + κ3v
′2
1
]
v2 + µ
2
12v1
= 0 ,[
µ21 + λ1v
′2
1 + (λ3 + λ4)v
′2
2 + κ1v
2
1 + κ3v
2
2
]
v′1 + µ
2
12v
′
2
= 0 ,[
µ22 + λ2v
′2
2 + (λ3 + λ4)v
′2
1 + κ2v
2
2 + κ3v
2
1
]
v′2 + µ
2
12v
′
1
= 0 . (7)
For a proper parameter choice, the VEVs can have a
hierarchical spectrum v′1 > v
′
2 > v2 > v1. This means
a spontaneous violation of the parity symmetry 1. For
example, in the limiting case v′1 ≫ v′2 ≫ v2 ≫ v1, we can
analytically solve the VEVs by
v′21 ≃ −
µ21
λ1
for µ21 < 0 , λ1 > 0 ;
v′2 ≃ −
µ212v
′
1
µ22 + (λ3 + λ4)v
′2
1
for µ22 + (λ3 + λ4)v
′2
1 > 0 ;
v22 ≃ −
µ22 + κ2v
′2
2 + κ3v
′2
1
λ2
for µ22 + κ2v
′2
2 + κ3v
′2
1 < 0 ,
λ2 > 0 ;
v1 ≃ −
µ212v2
µ21 + κ1v
′2
1 + κ3v
′2
2
for µ21 + κ1v
′2
1 + κ3v
′2
2 > 0 .
(8)
1 Similarly we can spontaneously break the mirror symmetry in
the models for mirror dark matter.
After the above spontaneous left-right symmetry
breaking, the charged fermion mass matrices can be eas-
ily given by
L ⊃ − [d¯L d¯′L]
[
md 0
0 m′†d
][
dR
d′R
]
− [u¯L u¯′L]
[
mu 0
0 m′†u
][
uR
u′R
]
− [e¯L e¯′L]
[
me 0
0 m′†e
][
eR
e′R
]
+H.c. with
md =
1√
2
y¯dv1 ∝ m′d =
1√
2
y¯dv
′
1 ,
mu =
1√
2
y¯uv2 ∝ m′u =
1√
2
y¯uv
′
2 ,
me =
1√
2
y¯ev1 ∝ m′e =
1√
2
y¯ev
′
1 . (9)
As for the neutral fermions, their masses are
L ⊃ −1
2
[
ν¯L N¯
c
R
] [ 0 1√2 y¯Nv2
1√
2
y¯Nv2 MN
][
νcL
NR
]
−1
2
[
ν¯′R N¯
′c
L
] [ 0 1√2 y¯νv′2
1√
2
y¯νv
′
2 MN
][
ν′cR
N ′L
]
+H.c. . (10)
When the seesaw condition is satisfied, i.e. MN ≫
y¯νv2/
√
2 and MN ≫ y¯νv′2/
√
2, we can integrate out the
gauge-singlet fermions NR and N
′
L to obtain the Majo-
rana masses of the ordinary and mirror neutrinos 2,
L ⊃ −1
2
ν¯Lmνν
c
L −
1
2
ν¯′Rm
′
νν
′c
R +H.c. with
mν = −y¯ν
v22
2MN
y¯Tν ∝ m′ν = −y¯ν
v′22
2MN
y¯Tν . (11)
Clearly the mass eigenvalues of the ordinary and mirror
2 Alternatively the ordinary and mirror neutrinos can obtain their
Majorana masses through the type-II [3] or type-III [4] seesaw.
In the case with the type-II seesaw, the Majorana mass matrices
of the ordinary and mirror neutrinos can have a same structure
even if the parity symmetry is softly broken [27].
4fermions obey the relations as below,
md′
md
=
ms′
ms
=
mb′
mb
=
v′1
v1
,
mu′
mu
=
mc′
mc
=
mt′
mt
=
v′2
v2
,
me′
me
=
mµ′
mµ
=
mτ ′
mτ
=
v′1
v1
,
mν′1
mν1
=
mν′2
mν2
=
mν′3
mν3
=
v′22
v22
. (12)
In the following demonstration, the ordinary mass eigen-
values will be quoted as mt = 174GeV, mb = 4.18GeV,
mc = 1.27GeV , ms = 96MeV , mu = 2.2MeV, md =
4.7MeV, mτ = 1.78GeV, mµ = 106MeV,me = 511 keV,
|∆m231| ≡ |m2ν3 − m2ν1 | ≃ 2.5 × 10−3 eV
2, ∆m221 ≡
m2ν2 −m2ν1 ≃ 7.5× 10−5 eV
2 [1]. Meanwhile, in the mass
basis, the charged currents are
LCC =
g√
2
(
u¯Lγ
µV dLW
+
Lµ + u¯
′
Rγ
µV d′RW
+
Rµ
)
+
g√
2
(
e¯Lγ
µU∗νLW
−
Lµ + e¯
′
Rγ
µU∗ν′RW
−
Rµ
)
+H.c. . (13)
Here the charged gauge bosons W±L,R =
1√
2
(
W 1L,R ∓ iW 2L,R
)
have the masses [1],
MW
L
=
1
2
gv ≃ 80.4GeV , MW
R
=
1
2
gv′ ≃ 0.327 v′ ,(14)
the CKM matrix V is simplified by V ≃ 1, while the
PMNS matrix U is parametrized by [1]
U =


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

diag
{
eiα1/2 , eiα2/2 , 1
}
, (15)
with the three mixing angles sin2 θ12 ≃ 0.3, sin2 θ23 ≃ 0.5
and sin2 θ13 ≃ 0.02 [1].
IV. MIRROR AND ORDINARY LEPTON
ASYMMETRIES
When the seesaw-induced Majorana masses of the mir-
ror neutrinos are in the range as below,
mν′
i
< MW
R
+me′ , mτ ′ +mu′ +md′ ,
mν′
i
≫ mµ′ +mu′ +md′ , (16)
the dominant decay modes of the Majorana mirror neu-
trinos should be described by Fig. 1. The mass spectrum
(16) actually is quite reasonable. By taking the pertur-
bation requirement y¯f <
√
4pi into account, the VEV v1
should be
mb√
2pi
< v1 <
√
v2 − m
2
t
2pi
, (17)
and hence the Yukawa couplings y¯τ should be
mτ
mt
1√
v2
2m2t
− 1
4pi
< y¯τ <
mτ
mb
√
4pi . (18)
The mirror tau and muon thus should be in the range,
0.00694 v′1 < mτ ′ < 1.07 v
′
1 ,
mµ′ =
mµ
mτ
mτ ′ = 0.0607mτ ′ . (19)
On the other hand, we can further specify the seesaw
condition by y¯νv
′
2/(
√
2MN) ≤ 0.1 and then put an upper
bound on the maximal eigenvaluemν′3
(normal hierarchy)
or mν′1
(inverted hierarchy) of the mirror neutrino mass
matrix m′ν , i.e.
mν′
3(1)
< 0.1
√
2pi v′2 ≃ 0.25 v′2 < MW
R
≃ 0.327 v′ . (20)
Therefore, we can guarantee the lightest mirror neutrino
ν′1 (normal hierarchy) or ν
′
3 (inverted hierarchy) to math
the mass spectrum (16) by further taking
mν′
1(3)
=
√
m2ν′
3(1)
− v
′4
2
v42
|∆m231|
<
√
(0.25 v′2)2 −
v′42
v42
|∆m231| < 1.07 v′1 . (21)
For example, we can input the quasi-degenerate neutrino
spectrum in Eq. (21) and then obtain
v′1 >
0.25
1.07
v′2 ≃ 0.23 v′2 , v′ > 1.02 v′2 . (22)
5ν
′
i
e
′
d
′c
u
′
WR
ν
′
i
ν
′
j
e
′
u
′
d
′c
WRWRWR
e
′
u
′
d
′
ν
′
i
e
′ ν
′
j
e
′
d
′c
u
′
WR WR WR
u
′
d
′
ν
′
i
e
′ ν
′
j
e
′
u
′
d
′c
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d
′
u
′
ν
′
i
e
′
d
′
u
′
ν
′
j
e
′
u
′
d
′c
WR
WR
WR
FIG. 1: The lepton-number-violating decays of the mirror
Majorana neutrinos into the mirror charged fermions. The
CP-conjugate processes are not shown for simplicity.
At tree level, the decay width is calculated by
Γν′
i
=
∑
αkl
[Γ(ν′i → e′α + u′k + d′cl )
+Γ(ν′i → e′cα + u′ck + d′l)]
=
g4
210pi3
(
|Uei|2 +
∣∣Uµi∣∣2) m
5
ν′
i
M4W
R
. (23)
We can conveniently define
mνx = min{mν1 , mν2 , mν3} ,
mν′x = min{mν′1 , mν′2 , mν′3} , r ≡
m2ν′x
M2W
R
, (24)
and then rewrite the decay width by
Γν′
i
=
g4
210pi3
(
|Uei|2 +
∣∣Uµi∣∣2) m5νim5νxmν′xr
2 . (25)
We also compute the CP asymmetry at one-loop level,
εν′
i
=
[Γ(ν′i → e′ + u′ + d′c)− Γ(ν′i → e′c + u′c + d′)]
Γi
=
g4
210pi3
Im
[∑
α,β=e,µ
(
U∗αjU
∗
βjUβiUαi
)]
|Uei|2 +
∣∣Uµi∣∣2
×
[
S
(
m2ν′
i
,m2ν′
j
,M2W
R
)
+
∑
a=1,2,3
Va
(
m2ν′
i
,m2ν′
j
,M2W
R
)]
. (26)
Here the functions S(x, y, z), V1(x, y, z), V2(x, y, z) and
V3(x, y, z) can be respectively deduced from the self-
energy correction, the first, second and third vertex cor-
rection in Fig. 1. For example, we find
S = V1 = 3V2 = 3V3 =
mν′
i
mν′
j
m4ν′
i
m4ν′x
r2 =
mν
i
mν
j
m4ν
i
m4νx
r2
for m2ν′
i
≪ m2ν′
j
, M2W
R
,
S =
mν′
i
mν′
j
m2ν′
j
−m2ν′
i
m4ν′
i
m4ν′x
r2 =
mν
i
mν
j
m2ν
j
−m2ν
i
m4ν
i
m4νx
r2 ≫ V1,2,3
for m2ν′i ≃ m
2
ν′j
≪M2W
R
. (27)
When the mirror neutrinos ν′i go out of equilibrium
at a temperature TD, their decays can generate a lepton
asymmetry stored in the mirror charged leptons e′ and
6µ′, i.e.
nL
s
≃
∑
i
εν′i
(
neqν′
i
s
) ∣∣∣T
D
for quasi-degenerate neutrino spectrum,
nL
s
≃ εν′x
(
neqν′x
s
) ∣∣∣T
D
for hierarchical neutrino spectrum. (28)
Here neqν′
i
= 2
[
mν′
i
T/(2pi)
]3/2
exp
(
−mν′
i
/T
)
and s =
2pi2g∗T
3/45 respectively are the equilibrium number den-
sity and the entropy density with g∗ = O(100) being the
relativistic degrees of freedom. Subsequently, the mirror
charged leptons e′ and µ′ can efficiently decay into the
ordinary charged leptons e, µ, τ and the scalar χ before
the SU(2)L sphaleron processes stop working,
e′±, µ′± −→
∑
α=e,µ,τ
e±Rα + χ . (29)
The mirror lepton asymmetry (28) thus can be partially
converted to a baryon asymmetry stored in the ordinary
quarks, i.e.
nB
s
= −28
79
nL
s
. (30)
This means the final baryon asymmetry can be well de-
scribed by the ordinary neutrino mass matrix mν , up to
an overall factor.
We now estimate the temperature TD. For this pur-
pose, we need consider the annihilations of the mirror
neutrinos into the mirror charged fermions, ν′i + ν
′c
i →
e′ + e′c, µ′ + µ′c, u′ + u′c and d′ + d′c. The annihilation
cross section is [31]
〈σAvrel〉 =
M4W
L
M4W
R
G2Fm
2
ν′
i
2pi
{
2
[(−1 + 4 tan2 θW )2 + 1]
+3
[(
−1 + 4
3
tan2 θW
)2
+ 1
]
+3
[(
1− 8
3
tan2 θW
)2
+ 1
]}
8
3
〈v2rel〉
≃ 64
pi
(
2− 5 tan2 θW +
22
3
tan4 θW
)
M4W
L
M4W
R
×G2Fmν′
i
T for mν′
i
≪MZ
R
, M
W±
R
. (31)
The interaction rate then should be smaller than the
Hubble constant,[
Γ = neqν′
i
〈σAvrel〉 < H(T ) =
(
8pi3g∗
90
) 1
2 T 2
MPl
] ∣∣∣T
D
.(32)
Here MPl ≃ 1.22 × 1019GeV is the Planck mass. As an
example, we can obtain
TD ≃ 0.2mν′
i
,
(
neqν′i
s
)∣∣∣T
D
≃ 2× 10−4
for MW
R
= 3.3mν′
i
= 1012GeV . (33)
The result is similar for the scattering processes, ν′i +
e′+(µ′+) → u′ + d′c, ν′i + d′ → e′−(µ′−) + u′, ν′i + u′c →
e′−(µ′−)+ d′c. For the parameter choice (33), the mirror
neutrino decays has been out of equilibrium below the
temperature T ≃ mν′
i
. Actually, we have
Γν′
i
H(T )
∣∣∣∣T=m
ν′
i
. 0.08 for MW
R
= 3.3mν′
i
= 1012GeV .
(34)
We further consider the quasi-degenerate neutrino spec-
trum mν′1
. mν′2
. mν′3
≃ 0.2 eV and fix the Majorana
CP phases α1,2 to be α1 = α2 = pi/2. In this case,
the mirror lepton asymmetry from the ν′1,2 decays should
dominate over that from the ν′3 decays because the res-
onant enhancement exists in the CP asymmetries εν′1,2
other than the CP asymmetry εν′3
, i.e.
εν′1 ≃
g4
29pi3
s12c12s23c23c
2
13s13 sin δ
c212c
2
13 + s
2
12c
2
23
mν1mν2
m2ν2 −m2ν1
r2 ,
εν′2 ≃
g4
29pi3
s12c12s23c23c
2
13s13 sin δ
s212c
2
13 + c
2
12c
2
23
mν1mν2
m2ν2 −m2ν1
r2 ,
εν′3 ≪ εν′1,2 with r = 0.1 . (35)
The final baryon asymmetry then should be
nB
s
≃ −28
79
[
εν′1
(
neqν′1
s
) ∣∣∣T
D
+ εν′2
(
neqν′2
s
)∣∣∣T
D
]
≃ 10−10
(
sin δ
−0.27
)
, (36)
which is able to account for the observations.
Note the lepton-number-violating interactions for gen-
erating the Majorana masses of the ordinary and mirror
neutrinos should go out of equilibrium before the above
leptogenesis epoch. Fortunately the related processes can
decouple at a very high temperature [32],
TF = 10
12GeV
[
0.04 eV2∑
im
2
ν
i
] [v2
v
]4
for TF ≪MN . (37)
The mirror neutrinos should begin to decay below this
temperature TF . The parameter choice (33) can fulfil
this requirement.
7V. STRONG CP PROBLEM AND DARK
MATTER
The present model give a non-perturbative QCD La-
grangian as follows,
LQCD ⊃ −θ¯
g23
32pi2
GG˜ with θ¯ = θ −ArgDet(MuMd) ,
(38)
where θ is from the QCD Θ-vacuum whileMu andMd are
the mass matrices of the down-type and up-type quarks,
Md =
[ 1√
2
y¯dv1 0
0 1√
2
y¯†dv
′
1
]
,
Mu =
[
1√
2
y¯uv2 0
0 1√
2
y¯†uv
′
2
]
. (39)
When the θ-term is removed as a result of the parity
invariance, the real determinants Det(Md) and Det(Mu)
will lead to a zero ArgDet(MuMd). We hence can obtain
a vanishing strong CP phase θ¯ at tree level [22].
The model also contains a stable scalar χ because of
the unbroken Z2 × Z2 symmetry. This scalar can anni-
hilate into the ordinary species through the Higgs portal
interaction. This simple dark matter scenario has been
studied in a lot of literatures [33–36].
VI. SUMMARY
In this paper we have shown the spontaneous left-right
symmetry breaking can automatically break the parity
symmetry motivated by solving the strong CP problem.
As a result, the mass matrices of the mirror fermions
and their ordinary partners can have a same structure
although their scales are allowed very different. Through
the SU(2)R gauge interactions, a mirror Majorana neu-
trino can decay into a mirror charged lepton and two mir-
ror quarks. Consequently we can obtain a lepton asym-
metry stored in the mirror charged leptons. The Yukawa
couplings of the mirror and ordinary charged fermions to
the dark matter scalar then can transfer the mirror lep-
ton asymmetry to an ordinary lepton asymmetry. The
SU(2)L sphaleron processes eventually can realize the
conversion of the lepton asymmetry to the baryon asym-
metry. In this novel leptogenesis scenario, the cosmic
baryon asymmetry can be well described by the Majo-
rana neutrino mass matrix up to an overall factor.
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Appendix A: Useful arithmetic of PMNS elements
Im
(
U∗µ2U
∗
e2Uµ1Ue1
)
= −Im (U∗µ1U∗e1Uµ2Ue2)
= s212c
2
12c
2
13(s
2
23s
2
13 − c223) sin(α1 − α2)
+s12c12s23c23c
2
13s13[s
2
12 sin(α1 + α2 − δ)
−c212 sin(α1 + α2 + δ)] ,
Im
(
U∗µ3U
∗
e3Uµ1Ue1
)
= −Im (U∗µ1U∗e1Uµ3Ue3)
= −s12c12s23c23c213s13 sin(α1 + δ)
−c212s223c213s213 sin(α1 + 2δ) ,
Im
(
U∗µ3U
∗
e3Uµ2Ue2
)
= −Im (U∗µ2U∗e2Uµ3Ue3)
= s12c12s23c23c
2
13s13 sin(α2 + δ)
−s212s223c213s213 sin(α2 + 2δ) . (A1)
|Ue1|2 + |Uµ1|2
= c212c
2
13 + [s12c23 cos(α1/2) + c12s23s13 cos(α1/2 + δ)]
2
+[s12c23 sin(α1/2) + c12s23s13 sin(α1/2 + δ)]
2 ,
|Ue2|2 + |Uµ2|2
= s212c
2
13 + [c12c23 cos(α2/2)− s12s23s13 cos(α2/2 + δ)]2
+[c12c23 sin(α2/2)− s12s23s13 sin(α2/2 + δ)]2 ,
|Ue3|2 + |Uµ3|2 = s213 + s223c213 . (A2)
[1] C. Patrignani et al., (Particle Data Group Collabora-
tion), Chin. Phys. C 40, 1000001 (2016).
[2] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida,
in Proceedings of the Workshop on Unified Theory and
the Baryon Number of the Universe, edited by O. Sawada
and A. Sugamoto (KEK, Tsukuba, 1979), p. 95; M.
8Gell-Mann, P. Ramond, and R. Slansky, in Supergravity,
edited by F. van Nieuwenhuizen and D. Freedman (North
Holland, Amsterdam, 1979), p. 315; S.L. Glashow, in
Quarks and Leptons, edited by M. Le´vy et al. (Plenum,
New York, 1980), p. 707; R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. Lett. 44, 912 (1980).
[3] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980);
J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227
(1980); T.P. Cheng and L.F. Li, Phys. Rev. D 22, 2860
(1980); G. Lazarides, Q. Shafi, and C. Wetterich, Nucl.
Phys. B 181, 287 (1981); R.N. Mohapatra and G. Sen-
janovic´, Phys. Rev. D 23, 165 (1981).
[4] R. Foot, H. Lew, X.G. He, and G.C. Joshi, Z. Phys. C
44, 441 (1989).
[5] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986).
[6] P. Langacker, R.D. Peccei, and T. Yanagida, Mod. Phys.
Lett. A 1, 541 (1986); M.A. Luty, Phys. Rev. D 45, 455
(1992); R.N. Mohapatra and X. Zhang, Phys. Rev. D 46,
5331 (1992).
[7] M. Flanz, E.A. Paschos, and U. Sarkar, Phys. Lett. B
345, 248 (1995); M. Flanz, E.A. Paschos, U. Sarkar, and
J. Weiss, Phys. Lett. B 389, 693 (1996); L. Covi, E.
Roulet, and F. Vissani, Phys. Lett. B 384, 169 (1996);
A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).
[8] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998).
[9] R. Barbieri, P. Creminelli, A. Strumia, and N. Tetradis,
Nucl. Phys. B 575, 61 (2000).
[10] T. Hambye, Nucl. Phys. B 633, 171 (2002).
[11] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002);
W. Buchmu¨ller, P. Di Bari, and M. Plu¨macher, Nucl.
Phys. B 665, 445 (2003).
[12] G.F. Giudice, A. Notari, M. Raidal, A. Riotto, and A.
Strumia, Nucl. Phys. B 685, 89 (2004).
[13] T. Hambye and G. Senjanovic´, Phys. Lett. B 582, 73
(2004); S. Antusch and S.F. King, Phys. Lett. B 597,
199 (2004); P. Gu and X.J. Bi, Phys. Rev. D 70, 063511
(2004).
[14] W. Buchmuller, P. Di Bari, and M. Plumacher, Annals
Phys. 315, 305 (2005).
[15] A. Abada, S. Davidson, F.X. Josse-Michaux, M. Losada,
and A. Riotto, JCAP 0604, 004 (2006); E. Nardi, Y.
Nir, E. Roulet, and J. Racker, JHEP 0601, 164 (2006);
D. Aristizabal Sierra, L.A. Mun˜oz, and E. Nardi, Phys.
Rev. D 80, 016007 (2009).
[16] S. Davidson, E. Nardi, and Y. Nir, Phys. Rept. 466, 105
(2008).
[17] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov,
Phys. Lett. B 155, 36 (1985).
[18] S. Davidson and A. Ibarra, Nucl. Phys. B 618, 171
(2001).
[19] P.H. Gu, arXiv:1612.04344 [hep-ph].
[20] J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974);
R.N. Mohapatra and J.C. Pati, Phys. Rev. D 11, 566
(1975); R.N. Mohapatra and J.C. Pati, Phys. Rev. D 11,
2558 (1975); R.N. Mohapatra and G. Senjanovic´, Phys.
Rev. D 12, 1502 (1975).
[21] Z.G. Berezhiani, Phys. Lett. B 129, 99 (1983); D. Chang
and R.N. Mohapatra, Phys. Rev. Lett. 58, 1600 (1987);
S. Rajpoot, Mod. Phys. Lett. A 2, 307 (1987); A. David-
son and K.C. Wali, Phys. Rev. Lett. 59, 393 (1987).
[22] K.S. Babu and R.N. Mohapatra, Phys. Rev. Lett. 62,
1079 (1989); K.S. Babu and R.N. Mohapatra, Phys. Rev.
D 41, 1286 (1990).
[23] S.M. Barr, D. Chang, and G. Senjanovic´, Phys. Rev.
Lett. 67, 2765 (1991).
[24] P.H. Gu and R.N. Mohapatra, arXiv:1705.01872 [hep-
ph].
[25] R.N. Mohapatra and G. Senjanovic´, Phys. Lett. B 79,
283 (1978); M.A.B. Beg and H.S. Tsao, Phys. Rev. Lett.
41, 278 (1978); H. Georgi, Hadronic J. 1, 155 (1978).
[26] L. Lavoura, Phys. Lett. B 400, 152 (1997).
[27] P.H. Gu, Phys. Lett. B 713, 485 (2012).
[28] S. Chakdar, K. Ghosh, S. Nandi, and S. Rai, Phys. Rev.
D 88, 095005 (2013).
[29] P.H. Gu, arXiv:1410.5753 [hep-ph].
[30] G. Abbas, Phys. Rev. D 95, 015029 (2017); G. Abbas,
arXiv:1706.01052 [hep-ph]; G. Abbas, arXiv:1706.02564
[hep-ph].
[31] E.W. Kolb and M.S. Turner, The Early Universe,
Addison-Wesley, 1990.
[32] M. Fukugita, T. Yanagida, Phys. Rev. D 42, 1285 (1990).
[33] V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985); J.
McDonald, Phys. Rev. D 50, 3637 (1994); C.P. Burgess,
M. Pospelov, and T. ter Veldhuis, Nucl. Phys. B 619,
709 (2001); V. Barger, P. Langacker, M. McCaskey, M.J.
Ramsey-Musolf, and G. Shaughnessy, Phys. Rev. D 79,
015018 (2009); M. Gonderinger, Y. Li, H. Patel, and M.J.
Ramsey-Musolf, JHEP 1001, 053 (2010); W.L. Guo and
Y.L. Wu, JHEP 1010, 083 (2010).
[34] X.G. He and J. Tandean, JHEP 1612, 074 (2016);
H. Wu and S. Zheng, JHEP 1703, 142 (2017); R.
Campbell, S. Godfrey, H.E. Logan, and A. Poulin,
Phys. Rev. D 95, 016005 (2017); C. Cai, Z.H. Yu,
and H.H. Zhang, arXiv:1705.07921 [hep-ph]; J. Alberto
Casas, D.G. Cerden˜o, J.M. Moreno, and J. Quilis, JHEP
1705, 036 (2017); P. Ghosh, A.K. Saha, and A. Sil,
arXiv:1706.04931 [hep-ph].
[35] G. Arcadi et al., arXiv:1703.07364 [hep-ph].
[36] P. Athron et al., (GAMBIT Collaboration),
arXiv:1705.07931 [hep-ph].
